Smm_ary Five established human breast cancer cell lines and one established human bladder cancer cell line of varying radiosensitivity have been used to determine whether the rejoining of DNA double-strand breaks (dsbs) shows a correlation with radiosensitivity. The kinetics of dsb rejoining was biphasic and both components proceeded exponentially with time. The half-time (t, j of rejoining ranged from 18.0 ± 1.4 to 36.4 ± 3.2 min (fast rejoining process) and from 1.5 ± 0.2 to 5.1 ± 0.2 h (slow rejoining process). We found a statistically significant relationship between the survival fraction at 2 Gy (SF2) and the t, of the fast rejoining component (r = 0.949, P = 0.0039). Our results suggest that cell lines which show rapid rejoining are more radioresistant. These results support the view that, as well as the level of damage induction that we have reported previously, the repair process is a major determinant of cellular radiosensitivity. It is possible that the differences found in DNA dsb rejoining and the differences in DNA dsb induction are related by a common mechanism, e.g. conformation of chromatin in the cell.
The repair of radiation-induced lesions in DNA is widely believed to be a major determinant of the degree of radiosensitivity in mammalian cells. Evidence for this largely comes from radiosensitive mutants in which clear defects in the rejoining of DNA double-strand breaks (dsbs) have been detected (Kemp et al., 1984; Iliakis et al., 1992) . The xrs radiosensitive mutants of Chinese hamster ovary (CHO) cells, for example, exhibit a much reduced overall capacity for repair of dsbs, although there is some debate as to whether the rate of dsb rejoining is altered in these cells (DahmDaphi et al., 1993) . Apart from these extreme cases, the relationship between various repair parameters is less clearcut. Of the many dsbs that are produced in DNA by ionising radiation, most are repaired within a few hours at 37°C (Wlodek and Hittelman, 1987; Schwartz et al., 1988) . Several studies have investigated the influence of the rate and extent of rejoining in cell lines differing in sensitivity, but no clear pattern has emerged (Schwartz et al., 1988 (Schwartz et al., , 1990 .
In a group of six human tumour cell lines we have previously proposed that the observed variation in initial dsbs seen immediately after irradiation does correlate with radiosensitivity, although an analysis of fragment sizes is necessary (Ruiz de Almod6var et al., 1994a) . It was the aim of this study to examine whether these cell lines also differ in their ability to remove dsbs following a single dose of radiation.
Materials and metbods

Cell lines
Six human tumour cell lines were studied in this work. The origins and some characteristics of these were given in a previous paper (Ruiz de Almod6var et al., 1994) . Five of the cell lines were derived from breast cancers (MCF-7 clones BUS and BB, T47D clones Bl and B8 and EVSA-T) and one from a bladder carcinoma (RTl 12) . Cell cultures were grown in Dulbecco's modified Eagle medium (DMEM, Gibco), supplemented with 10% fetal calf serum (FCS) . All media contained, in addition, penicillin (100 units ml-') and streptomycin (0.1 mg ml-'). washed and centrifuged at 4°C and mixed with ultra-low gelling temperature agarose (type IX, Sigma) at 15'C and a cell concentration of 1.2 x IO6cellsml '. The cell-agarose suspension was pipetted into moulds and cell plugs formed and were kept at 4°C for 1 h. These cell plugs were transferred into 30 ml plastic universal tubes containing ice-cold lysis buffer, pH 7.6, comprising 2% sodium lauryl sarkosine, 0.5 M EDTA (both Sigma) and 0.5 mg ml'l Proteinase K (Boehringer-Mannheim). Lysis proceeded on ice for I h then at 37C for 24 h.
To determine whether the level of dose administrated has any influence on the DNA dsb kinetic rejoining process, we have also performed several experiments using two cell lines with clear differences in radiosensitivity (MCF-7 BUS, surviving fraction at 2 Gy, SF2 = 33%; and EVSA-T, SF2 = 65%). Cells were irradiated at 15 and 30 Gy and two experiments were performed on each cell line.
Pulsed-field gel electrophoresis DNA dsb measurements were performed on a clamped homogeneous electric field pulse-field unit (CHEF-DR-II, Bio-Rad) as described previously (Whitaker and McMillan, 1992 Relationship between the rate of rejoining dsb and radiosensitivity Figure 3 shows the relationship between the rates of two components of rejoining and radiosensitivity (SF2). In each case the data have been fitted by linear regression, and in the case of the fast component (Figure 3a) there is a significant correlation between the two parameters (SF2 = -0.017 tI'2 + 1.1; r = 0.949, P = 0.0039), but with the slow component the correlation does not reach significance P = 0.15) (Figure 3b ). Although we have no reason to do so, if data for one of the cell lines studied (EVSA-T) are discarded then a significant relationship between SF2 and the rate of the slow component is seen. Overall, we therefore conclude that radioresistant cells have a faster half-time of rejoining than sensitive cells.
We found no relationship between the f-values and the cellular radiosensitivity parameters. Figure 4 shows the dose-effect results found in both MCF-7 BUS and EVSA-T cell lines. The half-times of the fast component of rejoining kinetic process appear to be dose independent. Actually the values obtained for 15 Gy and 30 Gy in both cell lines are very close to those found for 45 Gy. (Koval and Kazmar, 1988 proportions of the two components slow down the overall rate of dsb rejoining with increasing dose (FrankenbergSchwager and Frankenberg, 1992) .
Dose-effect
It is possible that the multiple phases are due to the repair of different types of lesion, with the residual damage as a final subset of lesions (Steel, 1991 (Hittelman and Pollard, 1982; Radford, 1987; Boothman et al., 1989 ). The late phase, which proceeds at a significantly slower rate, is characteristically blocked by inhibitors of protein, RNA and DNA synthesis (Iliakis, 1989) suggesting that it may require the induction of specific genes and gene products to repair more complex types of DNA lesions (Boothman et al., 1989; Haimovich-Friedman et al., 1991) . We suggest that misrepair may occur in both fast and slow rejoining components, but it must be more probable when the rejoining kinetic is slower. What is still unknown is how DNA packaging in cells affects DNA repair. Structural differences (euchromatin or heterochromatin, for example) may alter the nature of the damage, the function and the positioning of repair systems.
Our results show a close relationship between cell survival and the half-time of dsb rejoining corresponding to fast components. A survey of the literature reveals that our results agree with those published by Kelland et al. (1988) , Schwartz et al. (1990) and Giaccia et al. (1992) . Studies on other cell lines have also suggested a relationship between the slow component of rejoining process and cell radiosensitivity (Whitaker et al., 1994) . Thus, cells with a rapid rate of rejoining are generally more resistant to ionising radiation, perhaps because of a higher fidelity of rejoining.
Overall, our view is that sensitive cells suffer more dsbs per dose unit. In addition, the process of dsb rejoining is slower than in the radioresistant ones. It is possible that these two observations are directly linked, i.e. that the induction of more damage leads to a slower rate of repair because of the greater strain on the repair systems, although we have evidence for a dose independence of repair rates within two different cell lines (Figure 4) . Alternatively, they may be indirectly linked through a common cause such as the conformation of DNA (Oleinick et al., 1984; Patil et al., 1985; Barendsen, 1988; Olive, 1992) .
